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ABSTRACT 
Frost action has very significant effects on pavement properties in cold regions. 
Within the zones of seasonal frost, the thawing of frost-susceptible subgrade 
 decreases the surface modulus of the overall pavement. This reduces its capability 
to resist both elastic and permanent deformations under traffic loads, which can 
cause serious structural damage. 
This report presents full-scale accelerated testing of a pavement on thawing, frost- 
susceptible subgrade. The pavements were tested using the Heavy Vehicle 
Simulator (HVS-NORDIC) on a test site at  Otaniemi in the spring of 1998. 
The construction of test pavements, instrumentation, measurements during winter 
and spring, and the full-scale accelerated testing with the  HVS are reported, as well 
as the main test results and conclusions. 
The effects of heavy wheel loads on deformations in frost-susceptible test sections 
are summarized. The results were based on extensive measurements. The test 
parameters and loading were also analyzed using numeric and finite element 
method computer programs, and the results were compared to the measurements.  
PREFACE  
ln  Finland, the pavement design is based on thaw, which is the weakest 
period of the year. Documented data on the behaviour of thawing  subgrade 
 under traffic loading has been, so far, scarcely available. Within the Finnish 
pavement research program (TPPT), it was decided to carry out HVS 
 testing on a pavement on frost-susceptible, thawing  subgrade. The aim was 
to monitor the freezing, frost heaving and thawing of the test pavement and 
 subgrade,  and to study the mechanical behaviour of the pavement and 
 subgrade  under full-scale wheel loading, in order to evaluate and possibly 
further develop the mechanistic design approach of pavements in thaw 
conditions. 
This report, "Testing a pavement on thawing, frost-susceptible  subgrade 
 with the heavy vehicle simulator", presents the results from the construction, 
pre-freezing and testing. The investigation was started in 1997, and testing 
was carried out in the spring of 1998. The report has been written by Mr. 
Heikki Kangas (M.Sc), Mr. Heikki Onninen (M.Sc) and Mr. Seppo 
Saarelainen (D.Sc).  
The Finnish pavement research program,  TPPT, is sponsored by the 
Finnish National Road Administration  (FINNRA). The HVS-NORDIC 
research is being conducted in co-operation with the Swedish National 
Road and Transport Research Institute (VTI), and the Swedish National 
Road Administration (SNRA).  
The preliminary planning and design of this test was carried out at  VTT 
 Communities and Infrastructure. The test pavement with  subgrade was 
constructed by EM. Pekkinen Oy and paved by Lemminkäinen Oy. The 
artificial cooling device was supplied and installed by  Huurre-Morus Ltd. The 
material testing, monitoring and interpreting was performed by  VTT staff. 
The authors express sincere thanks to all the participating bodies and 
persons.  
Espoo 31.12.1999 	Seppo Saarelainen 
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LIST OF ABBREVIATION AND SYMBOLS 
APT 	Accelerated Pavement Testing  
FINNRA  Finnish National Road Administration 
 HVS 	Heavy Vehicle Simulator  
SNRA  Swedish National Road Administration  
TPPT 	Finnish National Road Structures Research Programme  
VTI 	Swedish Road and Transport Research Institute 
Technical Research Centre of Finland 
AC 	asphalt concrete 
E 	modulus of elasticity, MN/rn 2 
ESWL  equivalent single-wheel load 
F 	freezing index, Kh 
FEM 	finite element method 
FWD 	falling weight deflectometer  
G 	modulus of shear, MN/rn2 
Hu 	humus content, % 
lp 	
plasticity index (w-w 1 ) 
K 	bulk modulus, MN/rn 2 
MLT 	multi-layered elastic theory 
N 	number of load repetitions, allowable number of load repetitions 
PSI 	present serviceability index 
r 	radius of circle or plate, rn  
si 	frost heave coefficient (segregation potential),  mm 2/Kh 
degree of saturation 
T 	temperature, K, °C 
cohesion, kN/m 2 
e 	void ratio 
h 	thickness, m, mm 
shear strength, kN/m 2 
time, s, min, h, d 
rut depth, mm 
water content, % 
w1 liquid limit, % 
 plastic limit,  % 
 depth, m, mm 
A 	 deflection of pavement surface due to wheel load, mm 
-tot 
A 	permanent deformation of overall pavement due to wheel load, 
increase of rut depth, mm/overpass  
A 	 deflection of subgrade surface due to wheel load, mm sub 
elastic (compressive) strain 
permanent, irreversible strain 
sub 	
vertical compressive strain on the surface of  subgrade 
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angle of internal friction, 
shear strain 
'Ysub 
	shear strain on the surface of subgrade 
unit weight of material, kN/m 3 
Id 	dry unit weight of material, kN/m 3 
Poisson ratio 
effective stress, kN/m 2 
deviator stress, kN/m2 
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BACKROUND 
I BACKROUND  
1.1 The aim of the test 
The aim was to study how a pavement on thaw-weakened and saturated 
 subgrade  will react to wheel loads. The aim was also to study how a 
reinforcing steel net improves the bearing capacity of a pavement during 
thawing. The main interest was to test the subgrade, not surfacing. Full- 
scale wheel loading on a pavement on thaw, frost-susceptible  subgrade was 
carried out in the spring of 1998 using the Heavy Vehicle Simulator  (HVS
-NORDIC). The  subgrade  was designed to freeze and thaw so that the thaw- 
weakening conditions would correspond to the natural state. The tested 
pavement was designed to fail within 2 weeks of the start of the test. 
Furthermore, the aim was to monitor the critical stresses, strains and 
deflections during loading, as well as plastic deformation via the rutting and 
cracks. One of three tested pavements was reinforced. The environmental 
conditions and test parameters were monitored and controlled before, 
during and after the tests. 
1.2 Frost action 
The damage from frost action results in ice segregation and lensing in the 
soil and the subsequent loss of soil strength when the ground ice thaws. 
Frost heave can damage road and airfield pavements (Fig. 1).  ln cold 
climates, unheated structures that have concrete or asphalt floors can also 
be damaged by frost heave - as well as driveways, patios, and sidewalks. 
Winter 
Snow cover 
Frozen pavement  
Frozen 	 Melt subgrade 
GW 	
Water flow to frost-susceptible soil 
Figure 1. Frost action and frost heave in pavement. 
The thawing of the ice causes settlements and produces free  porewater on 
the still frozen soil below (Fig. 2), and the soil stiffness is reduced (Fig 3). 
This increases both elastic and plastic deformations under traffic loads, 
which may cause serious damage. ln addition, the back-slopes and side- 
slopes of cuts and fills may slide during thawing. Silts and  varved soils with 
a high water table in winter are the most susceptible to frost action. 
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Spring 
vW-. 
Figure 2. Thawing in pavement. 
Figure 3. General view of seasonal variation of subgrade modulus in Finland. 
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2 TEST SITE, TESTED PAVEMENTS AND 
INSTRUMENTATION 
2.1 Test site in Otaniemi 
The test pavements can be constructed in two trough-shaped test basins. 
One of them is a concrete basin and the other is excavated in rock. The 
tested frost-susceptible pavements were made in the concrete basin. The 
walls of the concrete basin are thermally insulated and equipped with a 
complete groundwater table regulation option. Its length is 36m including a 
16m-long entrance slope. Its depth is 2.5m and width 4m at the top and 3m 
at the bottom. There is a 3x3m part of the test basin, which is 4.5m deep for 
special studies. Two or three different test pavements can be constructed in 
a test basin. 
The second test basin is parallel to the first one. It was excavated mainly in 
rock and it has no groundwater table regulation. It is roughly of the same 
size as the concrete basin. 
A tent covers nearly the whole rock basin and it is large enough to house 
the HVS-NORDIC. Another smaller tent was temporarily used when the 
basin was constructed for frost-susceptible test sections (Fig. 4).  
Figure 4. Concrete basin under a temporary covering tent in  Otaniemi in the 
winter of 1997. The subgrade filter layer was compacted on the bottom of the 
basin. 
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2.2 Frost-susceptible test sections 
The subgrade filter layer consisted of a 100mm gravel layer and 500mm fine 
sand, in which the groundwater level could be regulated. A geotextile was 
installed on the surface of the gravel and a composite fabric was placed on 
the sand surface (type Comtrac 55130B30, operating class 3). The fabric 
edges were folded up along the basin side to the level of the clay surface. 
SOUTH 	 NORTH 
SEC11ON C 	SECTION B 	SECTiON A 
	
OOQ 	
:ii:: 	iJitiii fllflIUfflIfflhIflIMWII!III 
-! 	 r< 	 - 
STEEL MESH  
REINFORCEMENt 	 SP-8-12 
_____ - 
	 - 
AC 50mm 
CRUSHED ROCK 250mm 
 SAND  200mm 
DRY-CRUST CLAY 
 1500mm  
FINE SAND 
 600mm  
Figure 5. The longitudinal profile of test basin. 
The frost-susceptible subgrade was compacted in six layers to obtain a 
natural density and degree of saturation. The total thickness of the clay was 
 1500mm.  On top of clay was a composite fabric. 
Three test sections consisted of a 500mm-thick pavement. The tested 
pavements were constructed on the frost-susceptible  subgrade. The 
pavements consisted of a thin asphalt surfacing of 50mm, a 200mm base 
layer of crushed rock and a 250mm sub-base layer of sand. ln one of the 
three sections, a reinforcing steel mesh was installed in the base layer. 
After construction of the test pavements, three 8xlm loading areas were 
marked off on the asphalt. These areas were named Sections A, B and C 
(Fig. 5). The cross-sections of these pavements are illustrated in Figs. 6 and 
7 (in the HVS testing programme, these sections are called test 06, 07 and 
08). 
After paving, the groundwater level was elevated to the clay surface in 
December 1997. During the following frost season, the groundwater level 
was lowered to the level of  -1500mm from the surface. The surface of the 
pavement was exposed to atmospheric frost temperatures.  
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_____________- 	4000 
2000 
. 	ictho 	, 
HHH  
100 
2500 I 
Figure 6. Sections A and B, design dimensions.  
________________ - 4000 
4' 2000 
ioho 
HHH Steel mesh reinforcement  / 
Asphalt concrete 	50 mm 
Crushed rock 	250 mm 
Sand 	200 mm 
Clay 	1500 mm 
Sand and gravel 600 mm 
100 I 
25001 
Concrete basin 
3000 
Figure 7. Section C, design dimensions.  
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2.3 Instrumentation 
2.3.1 Purpose of instrumentation 
The aim was to monitor the stresses, strains and deflections at critical 
locations during loading as well as the plastic deformation via the rutting and 
cracks, ln addition, during the freeze-thaw cycle, special instruments were 
used to observe the temperatures, and changes in moisture and pore 
pressure. Some instruments were installed during the construction and 
some after paving. 
2.3.2 Instruments installed during and after construction 
Table 1 shows the different instrument-types that were installed in the 
pavement during construction. 
Table 1. Instrumentation during construction 
Measured quantity Instrument Number (alt secttons)  
Water content (vol.) Trime-EZ 3 
Earth pressure pressure cell 
- Nottingham 16 
-SGT 16 
_______________ -TMLKD -D 3 
Bearing capacity loading plate 12 
Temperature under thermocouple 12 
loading_plates _______________ ____________________ 
Strain in steel mesh strain gauge 23 
The reinforcing steel mesh in Section C was made of a 6/6mm deformed 
steel bar with a 1 50x1 50mm mesh. A total of 23 strain gauges were glued to 
the mesh. The gauges were installed both in the longitudinal and transverse 
bars. The total size of the reinforcement was 2350x5000mm. The effective 
size of the mesh was 2250x4800mm. The net was installed about 5cm 
 above the bottom of the base layer (Fig. 7), and positioned centrally under 
the loading area. 
A total of 35 earth pressure cells were installed in different layers. The 
measuring range of the SGT and  TML-type cells were 0 -200kPa, and the 
Nottingham-type cells 0 -500kPa. Eight of the earth pressure cells were in 
Section A, 12 in Section B and 15 in Section C. Mostly, these cells were 
installed to measure the vertical pressure in the subgrade layer and sand. 
Some of the cells also measured the horizontal pressure both in the 
longitudinal and transverse directions (towards the test wheel drive). The 
pressure cells were calibrated in the laboratory before instrumentation.  
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Figure 8. The mounting of instruments after paving. The edges of the  8xlm 
 loading areas were marked with yellow paint.  
The instruments installed after paving consisted of gauges to monitor frost 
penetration, heat flow and moisture in the structure as well as the pore 
pressure in the clay and strains in the asphalt (Fig 8.). Asphalt strains were 
measured at the bottom and on the surface of the bound layer. Retrofit 
strain gauges were used in the tests, which consisted of four longitudinal 
and four transverse gauges at the bottom, and three longitudinal and three 
transverse gauges on the surface of asphalt in each section. Surface 
deflection was measured with a fixed rod and a deflection gauge during 
loads. A rigid steel rod was anchored in a drill-hole to the bottom of 
subgrade. The deflection gauge was fixed in the asphalt with an aluminium 
cylinder. The instruments installed after paving are presented in Tables 2 
and 3. 
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Table 2. Instrumentation after paving.  
Measu ed qianttv f 	Instrument  
] 	Number (all sectons) 
Atmospheric air 
temperature 
temperature gauge 
thermometer 
2 
1 
Asphalt temperature 
_________________________  
copper constantan 
 thermocouple  
9 
 _____________________ 
Temperature profile 
_________________________  
copper constantan 
 thermocouple  
60 
 _____________________  
Heat flow Heat flow gauge 1 
Frost penetration Frost tube 6 
Frost heave Levelling >6 
Pore pressure  Piezometer 6 
Density and volumetric water 
content 
Radiometric measuring tube 
(VPGR) 
3 
____________________ 
Groundwater Observation tube 3 
Surface deflection Deflection gauge 2 (Sections A and C) 
Asphalt strain Strain gauges 42 
Table 3. Pore pressure transducers. 
Section Depth from surface Date of istallation 
-.______ 
 Thaw penetration 
A 0.60m 0.80m 23.4.1998 0.67-0.75m 
B 0.65m 0.85m 6.5.1998 0.62-0.67m 
C 0.63m 0.82m 25.5.1998 0.75-0.79m 
ln all sections, two pore-pressure transducers were installed (type  Druck 
 miniature  PDCR 81) for pore-pressure monitoring. The  piezometers were 
calibrated in the laboratory before installation. These gauges were 
considered to react very fast to the pressure.  
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3 TESTING OF FROST-SUSCEPTIBLE SECTIONS 
3.1 Testing with the HVS-NORDIC 
The HVS-NORDIC was manufactured in South Africa and it was financed by 
the Road Administrations of Sweden and Finland as well as the Technical 
Research Centre of Finland (VTT) and the Swedish National Road and 
Transport Research Institute (VTI). It is a 23m-long, 3.7m-wide and 4.2m- 
high facility, which weighs 46 tons (Fig. 9). The HVS is totally computer- 
controlled. It can be operated by diesel aggregate, or the required electricity 
can be taken from the power net. The diesel motor also provides power for 
the heating/cooling system, and the simulator is independent of external 
power, if necessary. 
The HVS has a heating/cooling system, by which the air inside the isolation 
space is kept under control in order to keep the pavement temperature 
constant. The temperature of the pavement can be between -5 and +35°C 
when the outside air temperature is +25°C. During testing, the standard 
pavement temperature was selected to be +10°C. The  HVS -NORDIC is the 
only mobile APT facility in the world with full temperature control. 
Figure 9. The HVS-NORDIC is parked on the concrete basin in Otaniemi. A 
white isolation wail can be seen under the frame. 
The loading is linear and can be  uni- or bi-directional. The HVS-NORDIC 
also has a dynamic loading capability. The loading can be varied 
dynamically +1- 20% of static load in the sinusoidal mode. The loading 
wheel can be dual (max. size 2x295/65R22,5) or single (max. size 
425/65R22,5). The wheel load can be selected from between  2OkN to 
11 OkN, with corresponding axle loads of 4OkN to 220kN. The speed of the 
test wheel can be selected from 1 to 12 km/h. The length of the loading area  
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is 8m, where a 6m -Iong middle section is uniformly loaded with constant 
speed. The lateral movement of the loading wheel can be 0.75m with 0.05m 
steps (the loading beam can have 16 different lateral positions). This means 
that the total width of the loading area can be about 1.5m (with dual wheel). 
The lateral loading distribution can be arbitrary.  VTT (and VTI in Sweden) 
uses lm-wide test areas. It is possible to get 25 000 load repetitions per day 
(24h), when loading is bi-directional. 
3.2 Soils testing and site measurements before 
testing 
3.2.1 General 
It was seen very important that at least one freeze-thaw period should be 
passed before testing. During this period, the aim was to monitor how the 
structure behaved under natural conditions. The frost and thaw penetration 
were monitored and sampling for clay was conducted. Test results are 
presented in Chapter 4. 
3.2.2 Sampling for clay subgrade 
First, the samples for laboratory testing were taken from the clay deposit in 
the town of Lahti (about 100km north of Helsinki). The determined 
parameters for natural clay were grain size distribution, consistency limits 
and moisture content. 
Second, the clay samples were taken from the subgrade in Otaniemi during 
construction and after paving. The determined parameters for the Otaniemi 
 samples were dry density, porosity, void ratio and degree of saturation 
corresponding to natural state. The consistency limits of the clay were also 
determined as well as the hydraulic conductivity. 
Frost heave tests were performed for samples taken from Lahti and 
 Otaniemi  to determine the segregation potential and relative frost heave in 
the laboratory. During the freezing season, when frost penetration was at its 
maximum, two frozen samples were cored from the clay subgrade with a 
drill sampler. Thaw-consolidation test were done on them in the laboratory. 
3.2.3 Monitoring during winter 1997-98 
The asphalt surface and the tops of the frost tubes were levelled after 
paving. The air and surface temperatures were monitored with 
thermocouples. The volumetric moisture content and dry density were 
measured with a radiometric device at  10cm intervals using a casing tube. 
The ground water surface was measured from observation tubes, and the 
excess pore pressure in the clay was monitored during the winter. Four 
vane shear soundings and two cone penetration tests were carried out to 
determine the shear strength of the clay.  
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The surface modulus of the pavement was measured during freezing and 
thaw using the falling weight deflectometer test (FWD), plate loading test 
and Loadman apparatus test. FWD measurements were also performed 
during construction on the base layer surface. Strain gauges were 
registered twice in the steel net during the FWD measurements in winter. 
During freezing, the asphalt pavement was kept clear from snow to maintain 
the frost effect as efficiently as possible. Groundwater table was kept at a 
level of 1 .5m below the surface. 
The frost penetration and frost heave of the surface were monitored, as well 
as the pore-pressure development under the freezing front. The winter of 
97-98 was mild in Finland, so an excess cooling of the pavement had to be 
applied using artificial freezing to reach the frost penetration of about 1.2 
metres. The test results are presented in Chapter 4. 
3.3 Wheel loading 
3.3.1 Loading in different test sections 
Testing with the HVS was started when the pavement had thawed to the 
depth of 0.80-0.90m. The sections were tested in the order A, B and C. 
During testing, untested sections were isolated to prevent untimely thaw. A 
temperature control box was installed over the tested section. The 
temperature in the asphalt was kept at +10°C. The wheel loading was 
unidirectional during all passes and the wheel was of type  2x295i65R22,5. 
The loaded wheel ran from south to north over the test surface and was 
returned unloaded. 
Pre-loadings were conducted before the initial measurements and actual 
test loadings. The purpose was to compact the pavement to the initial state. 
After the pre-loading, the initial measurements (or zero measurements) 
were carried out. The gauge readings were registered with strain amplifiers 
and a data logging computer. After this, the actual test loading was started. 
Tables 4, 5 and 6 present summaries of the test procedure.  
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Table 4. Summary of Section A (testO6). 
Structure  
50mm AC 
250mm Crushed rock 
200mm Coarse sand 
1500mm Clay 
600mm Fine sand 
Loading conditions 
AC's temperat 10°C 
Test wheel 	dual 
Thaw depth 800 - 900mm from the surface 
Schedule 	 HVS test Darameters  
Date 
___________ 
Operation 
___________________________ 
Total no. of 
passes 
__________ 
Wheel 
speed 
km/h 
Tyre 
press. 
kPa 
Wheel 
load 
kN 
Type of loading 
______________ 
4.4.1998 HVS was moved to area 06 (A)  - - - - - 
7.4.1998 txeparative tasks 0 - - - - 
8.4.1998 ore-loading 250 12 500 20 unidirectional 
9.41998 initial measurements 596 2-10 500-700 20-50 unidirectional 
0.4.1998 testing 790 12 700 50 unidirectional 
0.4.1998 test ended 4881 12 700 50 unidirectional 
.5.1998 ending measurements 4952 10 700 30-50 unidirectional 
.5.1998 HVS was moved from area 6 (A) - - - - - 
ln pre-loading, the applied wheel load was 2OkN on the all sections. During 
zero measurements, the loads and tyre pressures were varied (loads 
30-5OkN). The lateral position of the test wheel was applied along the 
centreline or 15cm left, see Fig. 10. The procedure of Initial measurements 
was quite similar for all the sections. 
loading area length 	8 m 
lm 	 2m 	 3m 
1020304050607080801501020304050607080 80100 lo 203040506070808015010203040506070 
	
.40 	 Loading direction 
.20 
100cm 	.10 	 Middle line 
*10 
*20 
*30 
.40 
*50 cn 
Figure 10. PIan of loading area. 
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Table 5. Summary of Section B (testO7). 
Structure 
50mm AC 
250mm Crushed rock 
200mm Coarse sand 
1500mm Clay 
600mm Fine sand 
Loading conditions  
ACs  tern peratt[1 0°C 
Test wheel 	dual 
Thaw depth 	800 - 900mm from the surface 
SchduI HVS test oarameters 
Date Operation 
___________________________ 
Total no. of 
passes 
__________ 
Wheel 
speed 
km/h 
Tyre 
press. 
kPa 
Wheel 
load 
kN 
Type of loading 
_____________ 
7.5.1998 HVS was moved to area 07 (B) - - - - - 
8.5.1998 oreparative tasks - - - - - 
11.5.1998 benkelman beam measuring 20 1 500 20-40 - 
12.5.1998 ire-loading 270 12 500 20 unidirectional 
12.5.1998 nitial measurements 456 __________ 500 30-49 unidirectional 
13.5.1998 nitial measurements 648 2-10 550-700 30-50 unidirectional 
14.5.1998 initial measurements 629 2-10 550-700 30-50 unidirectional 
14.5.1998 esting started 768 12 550 40 unidirectional 
14.5.1998 esting 1140 12 550 40 unidirectional 
14.5.1998 esting 1256 12 550 40 unidirectional 
14.5.1998 esting 1600 12 550 40 unidirectional 
14.5.1998 esting 2000 12 550 40 unidirectional 
14.5.1998 esting 2104 12 550 40 unidirectional 
15.5.1998 esting 2104 12 550 ________ unidirectional 
15.5.1998 benkelman beam measuring 2130 1 550 20-40 - 
15.5.1998 esting 2500 12 550 40 unidirectional 
15.5.1998 esting 2602 12 550 40 unidirectional 
15.5.1998 esting 3000 12 550 40 unidirectional 
18.5.1998 esting 3500 12 550 40 unidirectional 
18.5.1998 esting 4000 12 550 40 unidirectional 
18.5.1998 esting 4500 12 550 40 unidirectional 
18.5.1998 esting 5000 12 550 40 unidirectional 
18.5.1998 esting 6000 12 550 40 unidirectional 
19.5.1998 esting 7000 12 550 40 unidirectional 
19.5.1998 esting 8000 12 550 40 unidirectional 
19.5.1998 estended 8111 12 550 40 unidirectional 
19.5.1998 HVS was moved from area 7 (B) - - - - - 
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Table 6. Summary of Section C  (testO8). 
Structure 
50mm AC 
250mm Crushed rock + steel mesh reinforcement 
200mm Coarse sand 
1500mm Clay 
600mm Fine sand 
Loading conditions  
ACs temperati[i 0°C 
Test wheel 	[dual 
Thaw depth J800 - 900mm from the surface 
Schedule 	 HVS test parameters 
Date 
____________ 
Operation 
_____________________________ 
Total no. of 
passes 
___________ 
Wheel 
speed 
km/h 
Tyre 
press. 
kPa 
Wheel 
load 
kN 
Type of loading 
______________ 
19.5.1998 HVS was moved to area 08 (C) - - - - - 
6.5.1998 oreparative tasks 0 - - - - 
6.5.1998 benkelman beam measuring 220 12 500 20 unidirectional 
7.5.1998 re-loading 240 1 500 20-40 - 
7.5.1998 nitial measurements 255 2-10 500-700 30-50 unidirectional 
8.5.1998 esting started 1035 12 550 40 unidirectional 
.5.1998 esting 1035 12 550 40 unidirectional 
.5.1998 esting 1500 12 550 40 unidirectional 
8.5.1998 esting 2000 12 550 40 unidirectional 
.5.1998 esting 2000 12 550 40 unidirectional 
.5.1998 esting 2500 12 550 40 unidirectional 
.5.1998 esting 3000 12 550 40 unidirectional 
.5.1998 esting 3500 12 550 40 unidirectional 
1.6.1998 esting 4000 12 550 40 unidirectional 
1.6.1998 esting 4500 12 550 40 unidirectional 
2.6.1998 esting 5500 12 550 40 unidirectional 
2.6.1998 testing 5900 12 550 40 unidirectional 
3.6.1998 testing 5900 12 550 40 unidirectional 
3.6.1998 benkelman beam measuring 6190 1 500 20-40 - 
3.6.1998 test ended 6538 12 550 40 unidirectional 
3.6.1998 HVS was moved from area 8 (C - - - - - 
60 	 -----___________ 
Initial measurements 
__________________ ______  
Tes loading 
50 __ 
• 	I I —Used wheel loads 
Preloading • in Section A 
20 
- 	Used wheel loads 
in Section B 
10 ----.-.- ..-- ____...---- __________ - - -  Used wheel loads 
in Section C 
0 
0 	 200 	 400 	 600 	 800 	 1000 
Number of passes 
Figure 11. Applied loads (with dual wheel) during different test phases.  
Testing a pavement on thawing, frost-susceptible subgrade with the  HVS 	25 
TESTING OF FROST-SUSCEPTIBLE SECTIONS 
Testing was started with a 5OkN load in loading Section A. The applied load 
proved to be heavy in relation to the soft subgrade, and the pavement rutted 
more than expected. Hence, it was decided to test Sections B and C using 
the 4OkN wheel load. The applied loads during the tests are presented in 
Fig. 11. 
The variations of the test wheel lateral position during pre-loading and test 
loading are illustrated in Fig. 12. 
140 
120 
0 
'fl 
0 100 
• Dual wheel, test distribution 
L Dual wheel, pre-run d 
- - Outertyre in the edge of the 
80 
	
loading area (total width of the 
'fl 
	 area was 100 cm) 
60 
0 
40 
.0 
E 
Z 20 
0 
-30 -25 -20 -15 -10 -5 	0 	5 	10 	15 20 25 	30 
Test beam position, cm (0 = centerline) 
Figure 12. Number of repetitions in different test wheel lateral positions during 
pre-loading and testing. ln testing, the number of repetitions at the centreline 
was 120 passes. 
Figure 13. Seriously rutted test section under the moving wheel. 
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3.3.2 Wheel response measurements during tests 
The measured response was the strain in the asphalt and steel mesh, the 
deflection on the surface, the earth pressure in the sand and clay, and the 
pore pressure in the thawed clay. Because Section A failed so early, only 
initial measurements could be carried out on this section.  
ln the response measurements, the levels were monitored and registered 
under the moving wheel. Signal levels were set at zero before the loading 
started. At the same time the overpass started, signals started to be 
registered too. The frequency of logging was dense (normally 250  lIs). 
Because the response measure system could only give results of short-term 
deviation from the base level, the long-term background level of the pore 
pressure was measured in a different manner. Test results are presented in 
Chapter 4. 
3.3.3 Other observations 
When additional rutting or cracking was detected, the rut depth was 
measured with a Swedish (VTI) laser profilometer (Fig. 14). Rutting was 
measured at one-metre intervals, and the cracks were mapped as well. 
 Benkelman  beam measurements were conducted on Sections B and C. 
Figure 14. Rut depth was measured with a laser pro filometer. 
After testing, the sections were levelled and FWD measurements were 
carried out. The actual positions of the different layers were determined 
from transverse-cut profiles. They were excavated in all the sections in the 
summer of 1998.  
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Figure 15. Rutted Section A after testing. Mapping frame in the foreground was  
Ixim. The HVS-NORDIC can be seen in the background.  
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4 RESULTS 
4.1 Laboratory investigations of the subgrade 
The subgrade soil properties are presented in Table 7. Samples were taken 
during different construction stages. Specimen no. 8547 was taken from the 
truck load during transport. This clay load was compacted to the same layer 
as specimen no. 8549, which was drilled from the compacted structure. The 
layer was about 25 cm from the surface of the subgrade. According to these 
results, the differences in properties between natural clay and compacted 
clay are quite small. 
Table 7. Laboratory results for the clay. 
Specimen 
______________________ 
Lab.no, 
_______ kN/m3 kN/m 3 
n e 
- 
w 
w-% 
WvoI 
vol-% 
Natural clay, Lahti 8536 18.2 13.0 51.9 1.078 39.4 52.4 
Sample, truck load 8547 18.7 13.8 49.1 0.963 35.8 50.3 
Sample, compacted layer 8549 18.1 13.3 50.8 1.034 35.9 - 
Specimen 
__________________ 
Lab.no. 
____ 
Hu 
______ 
WI 
% 
w 
% 
l 
______ 
Sr 
% 
Sk 
kPa 
Natural clay, Lah 8536 - - - - 101.0 - 
Sample, truck load 8547 - - - - 102.5 - 
Sample, compacted layer 8549 0.50 43.5 24.5 19 95.8 96.1 - 103 
Figure 16. Grain size distribution of clay specimens.  
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The grain size distributions for the different specimens are presented in Fig. 
16. One sample was taken from the truck load, and sample numbers 8549 
and 8550 were taken from the compacted subgrade (second and top layer 
of the clay). 
Frost heave tests were conducted on the specimens that were taken from 
the natural deposit and from the compacted  subgrade. The determined SF 
values for both specimens with different surface loads are presented in 
Table 8. 
Table 8. Segregation potentials from laboratory testing. 
Applied 
loading ___________________________ 
SEGREGATION POTENTIAL  mm 2/Kh 
______________________________  
Natural clay, Lahti Compacted layer (no. 8549)  
2kPa 6.5-8.5 8-12 
2OkPa 5-7.5 5-7 
4OkPa 4.5-6.5 6-8 
4.2 Freezing and thawing 
Frost penetration was monitored from six methylene-blue frost tubes (two 
tubes per section). The total freezing index for all the sections was about 
 7815Kh.  This value also included the estimated effect of artificial cooling. 
The frost penetration was deepest after artificial cooling in April 1998. At the 
same time, the measured frost heave was also highest. The frost heave did 
not cause detectable damage to the structure. Before testing, Section A was 
thawed with heating fabric to reach adequate thaw depth in clay. The frost 
and thaw penetration is illustrated in Figures 17 to 19, as well as the frost 
heave and thaw settlement. The maximum frost heave was 35 -50mm. The 
negative pore pressure was about 20 -3OkPa during active freezing. 
According to the observations, it is evident that frost heave caused a 
permanent compression of the frozen layer. Thus, a more realistic estimate 
for frost heave is the thaw settlement.  
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HVS-TEST STRUCTURE ON FROST-SUSCEPTIBLE  SUBGRADE 
Section A, frost heave I thaw consolidation, frost and thaw penetration 
Frost tube 2 on the side of the maintenance tunnel  
____________________ _____________ 	Bottom 	of the pavement 	1- 0.10 —-Thaw penetration 1 	o 
0.05 
-Frost heave' Thaw consolitatron  <9 
:: 
J—o4oi 
___ 
E E -. 04 Bottom of the pavement ______ ___ I -o 10 3 ___ __ ------- ___ ______ 
06 ----- 	-•---....-......-- . 
• 
........... Drycrustclay 
a) 1.0 ------- 	__._ 
E i2 14 
. -_____ ___________ 
__ __ 
LL!jL 
_____ 
_______________  
23.12.1997 	20.1.1998 	172.1998 	17.3.1998 	14.4.1998 	12.5.1998 	9.6.1998 	7.7.1998 	4.8.1998 
Figure 17. Section A, frost and thaw penetration as well as frost heave and 
thaw settlement during the winter and spring of 1998.  
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 Section B, frost heave  / thaw consolidation, frost and thaw penetration 
Frost tube 4 on the side of the maintenance tunnel  
______________________________________ 	Bottom levio of the pavenwnt 
—0—Frost penetration 
H --Frost penetration 
0.0 ii2 
Bottom of the pavement 
E 04 H_....___  
0 6 Dry caist cioy - - 	 - 
0.8 ----_____ 	---------- ____ 
: - ii ___ 	_______-___ 
U- ___ _____ 
23.12.1997 	20.1.1998 	17.2.1998 17.3.1998 	14.4.1998 	12.5.1998 	9.6.1998 	7.7.1998 
-1 0.10 
0.05 
0.00 
-0.05 ra 
-0.10 
4.8.1998 
Figure 18. Section B, frost and thaw penetration as well as frost heave and 
thaw settlement during the winter and spring of 1998.  
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HVS-TEST STRUCTU RE ON FROST-SUSCEPTIBLE SUBGRADE 
Section C, frost heave I thaw consolidation, frost and thaw penetration 
Frost tube 6 on opposite side of the maintenance tunnel 
0.0 
0.2 
E E 0.4 
U) 
0.6 
.2 
0.8 
- 1.0 
tl)C 
. 6) 
E 1.2 
o 
U- 	1.4 
—Bottom levat of the pavement  
—0—Frost penetration 
. ....................................—ô—Frostpeneljatiofl 
—0—Frost heave/Thaw consolitation  
Bottom of the pavement 	 _______ 	 _________ 
0.10 m 
0.05 
Cp— 
CD 	. 
0.00 	CD 
(PD) 
-0.05 	P 
3 
lIt 
1.8 
23.12.1997 20.1.1998 17.2.1998 17.3.1998 14.4.1998 12.5.1998 	9.6.1998 	7.7.1998 	4.8.1998 
Figure 19. Section C, frost and thaw penetration as well as frost heave and 
thaw settlement during the winter and spring of 1998. 
Frost heave was also monitored during the winter of 1998-99. 
4.3 Thickness of layers in tested sections after testing 
Transverse cuts were excavated in different sections to determine the actual 
thickness of the layers after testing. Cuts were extended down to the 
surface of the clay. The measured thicknesses of the layers are illustrated in 
Figures 20 –to 25. The figures also include estimates for layer boundaries 
before testing. The initial layer boundaries could not be determined 
accurately. It is evident that permanent deformations due to the wheel 
loading occurred mostly in the soft subgrade. ln Figures 20 to 25 the 
unevenness in layer surfaces can also be seen, which was mostly caused 
during construction. The loaded areas are within I .5-2.5m in the x-axis. 
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Figure 20. Cross-section of Section A. Dashed lines for unbound layers are 
estimates for initial levels. 
Figure 21. Exposed cut face of Section A.  
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HVS -TEST STRUCTURE ON FROST-SUSCEPTIBLE SUBGRADE 
Section C, before and after HVS-tests in 1998 
10.2 . 
10.0 
.. .E 
-«Asphalt level _________ 
-Asphaltievel 
--- rocicIevel 
E - ----.7 25.5.98 (estimate) 
-Sand level 12.8.98 
- 	
- Clay level 25.5.98 9.2 1 (estimate) 
Clay level 12.8.98 
90 r 
0.0 	0.5 	1.0 	1.5 	2.0 	2.5 	3.0 	3.5 	4.0 	4.5 
Distance from the east side of the asphalt concrete. m 
Figure 24. Cross-section of Section C. Unevenness of  sublayer can be seen 
vety clearly. Dashed lines for unbound layers are estimates for initial levels.  
Figure 25. Cut face of Section C. Exposed steel mesh can be seen in crushed 
rock layer. 
A summary of the average thicknesses of the layers is presented in Table 9. 
The Table includes the thaw state of clay during the FWD measuremeni 
 made before testing as well as the state during testing.  
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Table 9. Average thickness of/ayers [mm]*. 
Section A Section B Section C 
Layer 
_____________ 
FWD 
16.4.1998 
Test start 
29.4.1998 
FWD 
7.5.1998 
Test start 
13.5.1998 
FWD 
6.5.1998 
Test start 
27.5.1998 
Asphalt 
concrete 60 __________ 
60 60 60 50 
_________  
50 
Crushed rock 200 200 150 150 180 180 
Sand 190 190 195 195 160 160 
Thawed clay 150 450 210 448 180 420 
Frozen clay 450 200 680 350 740 320 
Unfrozen clay 950 900 705 797 690 870 
total thickness 2000 2000 2000 2000 2000 2000 
*  average thickness of layers was measured after tests. 
4.4 Surface modulus of test sections 
4.4.1 Seasonal variation of surface modulus 
The variation of surface modulus was measured using FWD (Dynatest 
 M8000) during the freeze-thaw cycle. The measurements were carried out 
along the centreline on the load areas. Deflections were measured at lm 
intervals. 
The measured (average) surface moduli for the different sections during 
freezing and thawing are illustrated in Fig. 26. The surface modulus can be 
seen to decrease in different sections at different times. This results from 
the delayed thawing in later tested sections. 
10000 
1000 
'I, 
E 
100 
—. ___ __ 
- '---•i 
U11 
_-n 
---- ___-i -I --- _I 
-UI-- , 
__•1R 10 	- -. 	 . ___________ 
26.11.1997 16.12.1997 5.1.1998 25.11998 14.2.1998 6.3.1998 26.3.1998 15.4 1998 55.1998 25.5.1998 14.6.1998 
Date 
Figure 26. Measured FWD surface modulus on test sections.  
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The surface moduli started to decrease when the frozen soil began to thaw. 
The moduli were at the lowest when the subgrade was totally thawed and 
before post-consolidation. An interesting observation was that on Section C, 
a higher surface modulus could not be observed before the test, although 
the pavement was reinforced with steel mesh. 
4.4.2 Measurements of surface deflection during testing 
It was practically impossible to measure with FWD when the  HVS was 
parked on the section. Thus, a Benkelman beam was used in Sections B 
and C, and a deflection gauge in Sections A and C. The gauge readings 
were logged during the initial measurements. A Benkelman beam was also 
used for rutted pavements on Section B when the number of passes was 
1 600, and on C when the number of passes was 5 692). The deflection 
gauge functioned only on unrutted pavement. After strong rutting, the 
measuring range was exceeded. The applied load with the Benketman 
 beam was 20, 30 and  4OkN. A normal test load should have been  5OkN, but
this was considered to be too heavy for these pavements. The test results 
are presented in Table 10. 
Table 10. Measured deflection and estimated surface modulus during tests. 
Deflection (load Estimated surface Date 
4OkN), mm modulus, MPa 
Section A FWD - 61 16.4.1998  * 
Benkelman - - - 
________ Defi. gauge. 3.36 38 29.4.1998 (mit. meas.) 
Section B FWD - 78 7.5.1998  * 
Benkelman 3.96 32 11.5.1998 (mit. meas.) 
5.74 15 15.5.1998 (N= 1600)  
________- Defi. gauge - - - 
Section C FWD - 68 6.5.1998  * 
Benkelmari 2.95 43 27.5.1998 (mit. meas.) 
7.30 16 3.6.1998 (N= 5692)  
________ Defi. gauge 1.85 69 27.5.1998 (mit. meas.) 
*  Date is before testing and thaw penetration was then smaller than during testing. see Table 9. 
According to Table 10, the measured deflection was lower under the moving 
wheel (deflection gauge reading) than under static loading  (Benkelman 
 beam) in Section C. If the deflection gauge results are compared between 
Sections A and C, it can be seen that the deflection was 40-45  % lower on 
Section C than on Section A. The test parameters and thaw penetration 
were quite similar. The only difference was that Section C was reinforced,  ln 
 this case, the steel fabric seemed to resist deformations better under a 
moving load. The Benkelman beam measurements were not made in 
Section A, and therefore deflections under static and moving load could not 
be compared here. During the FWD measurements, presented in Table 10, 
the asphalt temperature was +3°C in Section A and +5°C in Sections B and  
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C. The Benkelman and gauge deflections were measured at a temperature 
of +10°C. The temperature correlation was not made for deflections. 
.tm 	BLI = 130.9 	 LITS: -15.0 
9.3 	kvh 
BL2 = z-4408.3  
flUULHi. 	Jo:) 
-1250 	0.6 	1.0 	1.4 	1.8 	2.2 	2.6 	3.0 	3.4 	3.8 	4.2(s)4.6 
Figure 27. Deflection under moving wheel in Section C. The wheel load was 
 3OkN  during measuring. 
Fig. 27 presents a deflection signal in Section C. According to the curve, the 
surface had slightly heaved before compressive deflection. The surface 
returned to the original level after loading. 
4.5 Earth pressures under wheel load 
An example of the earth pressure gauge signal Under applied wheel load is 
presented in Fig. 28. The gauge readings were logged with the same 
response measuring system as other transient responses. ln Section A, an 
example of the measured peak values is presented in Fig. 29. 
BLi = 	-2.0 	 LIT?S: -15.0 	 BLZ = 476.1 - 	9.3 	km.'h (no scale) 
50 
time, s 
3.8 	4.2(s)4.6 
Figure 28. Example of vertical excess earth pressure signal under 
moving wheel load. 
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< East(+) 	 50 kN/ 572 kPa 
	West() ) 
(contact pressure) 
+15mm fl 
Design thickness 
Figure 29. Section A, measured peak values for excess earth pressure. Black 
dots illustrate pressure cells. Sensor labels are in the upper left corner and peak 
values are in lower right corner of box. 
The measured peak values of excess earth pressure in different sections 
are presented in Figs. 30 to 36. The total earth pressure was not measured, 
but can be estimated from the depth position of the gauges.  ln addition, the 
measured peak values at different lateral positions of the wheel are 
presented. The positions were relative to the longitudinal centreline of the 
test section. The relative positions of the pressure cells with similar 
coordinates are given in the legend boxes. It can be seen that the highest 
values were logged when the test-wheel lateral position was the same as 
the position of the cell, in other words, when the wheel was closest to the 
cell. When the test sections were rutted, some increases could be seen in 
pressure levels. 
The presented gauge positions are 'design positions'. Some reading values 
are high considering the supposed gauge position and depth. The actual 
positions will be checked later, when the sections are opened. The 
calibrations will also be checked. It is possible that some types of pressure 
cells indicated too high readings when they were positioned in a very soft 
soil. 
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Wheel load 30 kN, speed lo km/h, N=50 
70 
	
60 	 C' Cell in clay (A5H), horizontal 
pressure, lateral position -350 
I 	 mm, depth 550 mm 
____________ ____________ ____________  I 	____________ _________ 50 	 I 	 • Cell in clay (A6), vertical 
0. • 	 pressure, lateral position 0 mm, depth 550 mm 
40 Cell in clay (A7), vertical 
pressure, lateral position +350  
______ ______ ______ ______ ______ ____  mm, depth 550 mm 
°.30 
X Cell in clay (A8), vertical 
pressure, lateral position -350 
20 	 mm, depth 800 mm x 	A x 	 + Cell in clay (AIOH), horizontal 
________ 	4 	_______ 	________ ______ 
 pressure, lateral position +350 
mm, depth 800 mm 
A + 	+ + 
0 	 -i 
-30 	-20 	-10 	0 	10 	20 	30 
Wheel relative position from centreline(cm) 
Figure 30. Section A, measured peak values of excess earth pressure during 
initial measurements. 
Wheel load 40 kN, speed 10 km/h, N=450 
90 
80 
70 
60 
50 
(I) 
(fl 
0.40 
30 
20 
10 
0 
-30 -20 -10 0 	10 20 30 
Wheel relative position from centerline (cm) 
• Cell in clay (B7), 
vertical pressure, lateral 
position +350mm, 
depth 550 mm 
Cell in clay (B8), 
vertical pressure, lateral  
position -350mm, 
depth800mm 
—Cell in clay (B13L), 
 horizontal pressure 
(towards wheel pass), 
lateral position 0 mm, 
depth 550 mm 
C' Cell in clay (BI4L), 
horizontal pressure 
(backwards wheel 
pass), lateral position 0 
mm, depth 550mm 
A 
_____ _____ _____ _____ _____ _____ 
______ ______ ______ • • • ______ 
________ 
_____ 
________ 
______ 
________ 
______ 
________ 
______ 
________ ________ 
• 
- - ________ ________ 
_________ ________ ________ _________ _________ 
- 
________  
Figure 31. Section B, measured peak values of excess earth pressure during 
initial measurements.  
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Wheel load 40 kN, speed lo km/h, N=1750 • 	in clay(B7), vertical 
90 ________ ________ ________ ________ ________ ________ pressure, lateral position +350 mm, depth 550 
80 
mm 
Cell in clay (B8), vertical  
70 
o60 
______ ______ ______ _______ ______ 
pressure, lateral position 
-350 mm, depth 800 mm 
å 
_______ _______ _______ 
—k-- 
I 
S 
S 
_______ _______ 
50 
XCelI in clay (B8), 
horizontal pressure, 
I U) U, 
40 
30 
lateral position +350 
mm,depth55Omm 
-Cell in clay (B13L), 
horizontal pressure 
(towards wheel pass),  
lateral position 0 mm, 
_________ 
S 
_________ _________ _________ _________ - _________ 
20 
10 
depth 550 mm 
OCellinclay(B14L), 
horizontal pressure 
(backwards wheel 
________ 
x 
________ 
X 
________ 
>( 
________ 
x 
_________ ________ 
pass), lateral position 0 
0 mm, depth 550 mm _____________________  
30 -30 -20 -10 0 	10 20 
Wheel relative position from centerline (cm) 
Figure 32. Section B, measured peak values of earth pressure. 
Wheel load 40 kN, speed 10 km/h, N=2750 
100 • Cell in clay (B7), vertical pressure, lateral position -______ 
90 
+350 mm, depth 550 mm 
80 Cell in clay (B8), vertical pressure, lateral position - 
70 
a- 
60 
50 
0. . 	40 
30 
350 mm, depth 800 mm 
X Cell in clay (B8), horizontal 
pressure, lateral position  
+350 mm, depth 550 mm 
-Cell in clay (B13L), 
horizontal pressure (towards 
wheel pass), lateral position 
0 mm, depth 550 mm 
________ ________ ________ ________ ________ 
____ 
______ 
_____ _____ _____ 
$ _____ ____ 
__ __ S __ 4 __ __ 
20 
 10 
Ceilinc1ay(B14L), 
 horizontal pressure 
(backwards wheel pass), 
lateral position 0 mm, depth 
x x 
0 ______ ______ ______ ______ ______ _____ 550 mm 
-20 -10 0 10 20 
_________________________ 
 30 -30 
Wheel relative position from centerline (cm) 
Figure 33. Section B, measured peak values of excess earth pressure.  
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0 Cell ln sand (C2H), horizontal 
pressure, lateral posdion -350 mm. 
depth 350mm 
U Cell in sand (C3), vertical pressure, 
lateral posItion 0 mm, depth 350 mm 
0 Cell in sand (C4), vertical pressure, 
lateral position +350 mm, depth 350 
mm 
0 Cell in clay (C6 vertical pressure, 
lateral position 0 mm, depth 550 mm 
0 Cell in clay (CO), vertical pressure, 
lateral position 0 mm, depth 800 mm 
—Cell in clay (C1OH), horizontal 
pressure, lateral position +350 mm. 
depth 800 mm 
+ Cell in clay (C13L), horizontal 
pressure (towards wheel pass), 
 taterat posItion  0 mm. depth 550 mm 
Cell ln clay (C14L). horizontal 
pressure (backwards wheel pass). 
lateral position 0 mm, depth 550 mm  
)  x Cell ln clay (C15), vertical pressure, 
lateral positIon 0mm, depth 550mm 
Figure 34. Section C, measured peak values of excess earth pressure during 
initial measurements. 
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Figure 35. Section C, measured peak values of earth excess earth pressure.  
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+ Cell in sand (C2H), 
Wheel load 40 kN, speed lo km/h, N4250 	 horizontal pressure, 
lateral position -350 mm. 
_______ _______ _______ _______ _______ _______ depth 350 mm 
180 
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160 	 _________ _________ _________ 
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100 	 § 	JCell in clay (C9), vertical 
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80 I • • 	
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Figure 36. Section C, measured peak values of excess earth pressure. 
4.6 Pore pressure in thawed subgrade 
4.6.1 Long-term measurements 
Long-term measurements were carried out to monitor the level of pore 
pressure in thawed clay. The pore pressure development in different 
sections during thawing and testing is illustrated in Figs. 37 to 39. Special 
events during test the procedure are indicated with vertical dashed lines. 
Excess pore pressure could be seen when the applied surface load was 
focused on the pavement.  
Testing a pavement on thawing, frost-susceptible subgrade with the HVS 	43 
RESU LTS 
HVS TEST STRUCTURE ON FROST-SUSCEPTIBLE  SUBGRADE 
PORE PRESSURE IN TEST SECTION A DURING TESTING 
50 IL 
40 -- 
I II 
- - I 
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2O -___ 
lo .......... __ 
I - —Section A, pore ______ 
0 pressure transducer in 
thawing clay, depth 
—i . 	-c - a 	j--- 
., 
- 
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surface . 	I - 	. I - 
-40 ,..... 
—Soil weight at0.80m .. 
Ii 
.50 
ii ______________ 
Figure 37. Section A, pore pressure development during the testing. 
It could be seen that the pore pressure was higher after a period of cyclic 
loading than before loading. The time between two passes was about 7 
seconds. It was evident that, during frequent cyclic loading, water could not 
discharge fast enough from the clay. Thus, the induced permanent shear 
deformation in the clay caused increasing pore pressure.  
HVS TEST STRUCTURE ON FROST-SUSCEPTIBLE  SUBGRADE  
PORE PRESSURE IN TEST SECTION B DURING TESTING 
50 Ih 	I 
40 
o N I fi I L - H I ' Section B,pore '  pressure transducer in I ,'lø T! .... - S - 	: 	. thawingclay,depth 
-.lt --4 _:r: 1t . - .- pressure transducer in f I thawing clay, depth 
I ................-- 0.65 m from asphalt -40- ....--...... ----1-- ....------  I I I 	I surface Soil weight at 0.80 m 
Figure 38. Section 8, pore pressure development during the testing.  
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HVS TEST STRUCTURE ON FROST-SUSCEPTIBLE  SUBGRADE 
PORE PRESSURE IN TEST SECTION C DURING TESTING 
I 	 I 	I 
____II_LJ 	 ______ 
0  —Secti 	pore pressure __-_1- 	— - 	— 	_..1__ J_4._. 
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..3ij 	surface Soil weight at 0.80 m 	 l 	 I 	I 
iiJ J_.. 	_i_ J.._ 4 
I 	II 	 . 
-50 	 I [l —l----------4------l-- 
Figure 39. Section C, pore pressure development during the testing. A deeper 
gauge (0. 82m) was inserted in the frozen clay at an early part of the test. 
4.6.2 Transient pore pressure 
An example of the pore pressure gauge signal under applied wheel load is 
presented in Fig. 40. When the test wheel was moved, this caused a fast 
stress pulse in the pavement. This developed a transient pore press 
increment under undrained conditions in the saturated clay. Excess pore 
pressure may have reduced the shearing resistance and stiffness of the 
clay. The measured peak values are presented with the modelling in 
Chapter 5.2.2. 
Wheel load: 	40 kN 	 1 
16 	Tyre press.: 600 kPa 	—Gauge depth 0.85 m 	) 
2 14 km/ti 	Gauge depth 0.65m 
10 	 _____ 
6 	 _______ ___ 
lE o 	_-_ 	_________ . 	 — F'-. 	 ____ 
Time. 
Figure 40. Section B, excess pore pressure under moving test 
wheel in thawed clay.  
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4.7 Strains in the steel net 
An example of the logged signal under the wheel overpass (code H3L) in 
the steel bar is presented in Fig. 41. This strain gauge was installed 
longitudinally on the steel bar side. The applied wheel load was  4OkN, and 
the positive values were tension and negative compression.  
BLi 	-8.7 
lts 	J.3 	km/h 
VLIT?3: 	0.0 
I \ 
\. 
time, 5 
V 
100 	0.6 	1.0 	1.4 	1.8 	2.2 	2.6 	3.0 	3.4 
Figure 41.Section C, strain in a steel bar under the moving wheel. The applied 
wheel load was 4OkN. 
The locations of the logged strain gauges are illustrated in Figure 42. The 
response in the steel net was measured under the applied wheel. Some 
readings were logged also under FWD loading during freezing. During the 
FWD loading, the loading plate was placed centrally above the logged 
gauge. 
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Load area 
\ 	
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7T 
6T 
6L 
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r;ti] 
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,1u 	 = 
I 2350 
Figure 42. Section C, the centrally positioned steel mesh (see also Fig. 7) and 
codes for those strain gauges, which were logged during testing. 
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Table 11. Section C, measured peak strains in steel bars. Applied wheel load was 4OkN, 
with the path along the centreline (see Fig. 42). 
code Initial measurements 
_____________ _____________ 
Number of passes 6250, 
rut depth 40 mm 
Stress 
change 
Stress 
change 
Peak tensile 
strain 
Peak tensile 
stress, i 
Peak tensile 
strain 
Peak tensile 
stress _________ 
ratio 
_________ 
______ __________ MPa __________ MPa MPa % 
H3L 163.3 32.7 212.3 42.5 9.8 30 
H3T 145.9 29.2 194.4 38.9 9.7 33 
H6L 220.4 44.1 212.3 42.5 -1.6 -4 
H6T 160.2 32.0 196.4 39.3 7.2 23 
H7L 137.2 27.4 180.1 36.0 8.6 31 
H8L 115.8 23.2 194.9 39.0 15.8 68 
HBT 194.9 39.0 231.2 46.2 7.3 19 
ln Table 11, the tensile stresses were calculated using  Hooke's law  ( =  E s 
 ).  The elastic modulus of steel was assumed to be  200GPa. ln the table, the 
measured peak strains were generated at a slightly different moment of 
time, and the presented values could not considered as the total stress of 
moment. According to the measurements, the stresses were lower than the 
yield stress of steel and permanent damage was not generated. It could be 
seen that, when the pavement had rutted, additional stress was induced in 
the steel bars (the stress increase per bar was up to 68%). Rutting was also 
not as fast in Section C as in Sections A and B (see Chapter 4.8). 
4.8 Rutting and deformations 
4.8.1 Rut development 
The development of rutting was measured with a laser -profilometer, made 
by the Swedish National Road and Transport Research Institute  (VTI). 
 Profiles were measured across the loading surfaces at one-metre intervals 
(Fig. 43). 
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loading area length 	8 m 
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Figure 43. Measurement lines in the tested sections. 
An example of rut development in Section B (Line 4m) is illustrated  ln Fig. 
44. 
•1I 
- 
____RRU•• UW/A UUUMU 
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Figure 44. Rutting in Section B; the measurement line was  4Eh  The developed 
ruts are relative deviations from the initial surface profile (before pre-loading). 
The deepest rut was determined as the largest deviation from the initial 
surface (before pre-loading, Fig. 45). The measured deepest rut 
development in Section B is illustrated in Figure 46. 
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Figure 45. Rut-depth development on different measurement lines in Section B. 
Rut development during the pre -loading is included in this chart. 
4.8.2 Rutting 
The rut development in the different sections is illustrated in Fig. 46. Pre- 
loadings were run with a 2OkN wheel load, thus it is irrelevant to count these 
loads the same as the heavier initial measurement and test loads. The total 
number of passes was so low that the pie-loadings could distort the total 
effective overpasses. Hence from then on, the ruts that had developed 
during the pre-loadings were not included in the total number of passes. 
o -l±!  passeslr  IC: 1400  passes_l_ 1_ 	- - - 	- -- 
B: 550 passes 
20 - -- 
N 
\ 	.- 
--- ----- - 
1 60 	liii siiiiiiZ_ii 
j Sedion A 
1 -..-Section B 
100 ---------- 	 Section C (reinforced) 
0 	500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 
Number of passes 
Figure 46. Average rut depth vs. number of overpasses. Damage limit is 20 
mm. Pre-loadings are not included.  
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Rutting on Section C was all the time smaller than on the non-reinforced 
sections. A 20mm rut depth was reached on Sections A and B during the 
initial measurements. Section A was tested with a 5OkN load, but a 20 mm 
rut depth was reached before the heavier load could be started. This can be 
seen as faster deformation after the zero measurements (Fig. 46, about 
N=500). The initial measurements were quite similar and the results are 
comparable. However, the test beam side positions did not correspond to 
the normal test deviation presented in Fig. 12 (Chapter 3.3.1). During the 
initial measurements, the wheel position was also aligned to positions 0 
(centreline) and —15 cm. 
The plasticity (or rutting) rate of the tested structures versus the number of 
passes could be calculated from the profile measurements. The values are 
presented in Fig. 47. It could be seen that, at the beginning of tests, the 
plasticity rate was high and the rate decreased during tests. The results 
from Section A are inadequate. 
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Figure 47. Rate of permanent deformation (mm/overpass) vs. number of passes 
without pre -loadings. 
49 Strains in asphalt and crack development 
The measured asphalt strains in the bottom of the AC and the observed 
surface cracks vs. number of overpasses are illustrated in Fig. 48. Heavy 
wheel loads caused large strains and displacements. The sections rutted so 
quickly that cracks could not be considered as fatigue cracks. The tensile 
stress at the bottom of the asphalt concrete exceeded the material strength. 
This caused a fast development of cracks at the bottom of the bound layer 
and deterioration of the overall pavement.  
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An example of the measured initial state of asphalt strain in the bottom of 
the AC is presented in Fig. 50. A clear compression (negative) strain could 
be seen to precede the large tensile strain. 
L1 = -16.4 	VLITYS: 	0.0 	BLZ = z-1150.6 9.3 	kin/h 
346 
time, 5 
0.6 	1.0 	1.4 	1.8 	2.2 	2.6 	3.0 	3.4 	3.8 	4.2(s)4.6 
Figure 50. Section B, measured longitudinal strain in the bottom of asphalt 
during initial measurements, N =96. Wheel load was 40kN. 
The asphalt strains, which were measured with the same gauge and with 
the same loading parameters after wheel loading, are presented in Fig. 51. 
It can be seen that compression strain had disappeared and tensile strain 
dramatically decreased after serious rutting and cracking. This indicates that 
the deformation resistance of the asphalt had decreased.  
i 	L1 = 	36.9 	LITS: 	0.0 	BLZ 	-Z275.6 3.3 	kin/h 
8053 
350 
0. 
time, s 
350 	 - 0.6 	1.0 	1.4 	1.8 	2.2 	2.6 	3.0 	3.4 	3.8 	4.2(s)4.6 
Figure 51. Measured longitudinal strain in the bottom of asphalt, N=7803. 
Parameters were the same as in Fig. 50. 
Testing a pavement on thawing, frost-susceptible subgrade with the HVS 	53 
MODELLING AND ANALYSIS 
5 MODELLING AND ANALYSIS 
5.1 Modelling pavement stiffness during thaw 
The modelling of the test sections was based on in-situ measurement 
results. The measured FWD deflection bowls were modelled with an 'explicit 
finite-difference' computer program  (FLAC 3.40) Iii. The element grid is 
presented in Fig. 52. 
JOB Tffl.E: RoutaraJceA pudotuspanon Simuflb (164.98) 
FLAC (Version 3.40) 
	
LEGEJ'.O 	 2000 
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3 400E Ui y< 2 380E+00 	 E 
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iiii±iiiiiii 	 O000 
s.nirrzx;kcjhepasd89f7q-IdosaSdfi 
1ospc1tzxcnoninbz;kasjhdtqpow7 	 I 	 I 
0.000 0.000 	 1.000 	 1.500 	 2.000 
Figure 52. Section A, element grid applied in FWD deflection bowl analysis. 
Modelling resulted in a low material modulus of the thawed subgrade (Table 
12). A linear elastic model was applied for all the layers. The elastic model 
was quite simple, but when the aim was to model 'resilient' modulus, the 
elastic model seemed to give a good equivalence. 
Table 12. Estimated material characteristics*  for 
different layers in the tested sections. 
Layer hA 
mm 
hB 
 mm 
E 
MPa 
v 
- 
1.Surface 60 60 2000 0.35 
2. Base 200 150 50 0.35 
3. Subbase 190 195 20 0.35 
4. Thaw subgrade 150 448 1.5 0.49 
5. Frozen subgrade 450 350 120 0.35 
6. Unfrozen subgrade 950 797 30 0.49 
*) hAG  thickness of layer (Sections A and B) 
E 	elastic modulus 
v 	Poisson ratio  
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The measured and modelled FWD deflection bowls on Sections A and B are 
illustrated in Figures 53, 54 and 55. ln Figures 54 and 55, the modelled bowl 
is marked with a dashed line and the set of measured deflection bowls are 
marked with solid lines. The deflection bowls were measured on the test 
areas at one-metre intervals. The modelled moduli were average estimates 
for each layer. ln the modelling, the applied load was the same as the 
highest applied FWD load (about 34 kN I 480 kPa). 
JOB TITLE: Frost susce 
	 FWD 
FLAC (Version 3.40) 
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Displacement vectors 
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Figure 53. Modelling of FWD deflection bowl. Calculated total displacements of the 
pavement (Section B), applying the characteristics of Table 12. Surface load was 
34kN. 
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Figure 54. Measured (FWD) deflection bowls on Section A before testing 
(16.4.1998). The modelled bowl is marked with a dashed line. 
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Figure 55. Measured FWD deflection bowls on Section B before testing 
(7.5.1998). The modelled bowl is marked with a dashed line. 
The FWD deflection bowls were measured with three different falling 
weights. The linear elastic model seemed to correspond quite well at all 
these stress states. ln the preliminary analysis, the traditional MLT (Multi- 
Layered elastic Theory) computer programs (Bisar and Kenlayer) were 
tested. The modelling of partially thawed and frozen clay above the 
unfrozen sub-clay was found to be complicated and the modelling results 
were unsatisfactory. 
__ ___L. _j __ __ ___ __ 
- 
_ - JT-__ =Deflections measured with FWD (32.5 kN / 460 kPa 
- - 	Deflection modelled with the computer (460 kPa)  I 
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5.2 Modelling for pavement and  subgrade responses 
under wheel loading 
5.2.1 Modelling earth pressure 
Excess earth pressure was also modelled with  FLAC Ill. The thawed 
 subgrade  was considered to behave according to the undrained elastic
model. The frost and thaw penetrations corresponded to the conditions 
during the measurements. The material parameters were the same as in the 
FWD analysis (Chapter 5.1). Figure 56 shows the modelled level curves of 
excess earth pressure with 4OkN circle-shaped surface load (r=O.15 m). The 
measured pressures are also illustrated at their supposed positions. 
JOB TITLE: Section 	. modelled wheel load, the surface load is 40 kN, case 29.4.98 
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Figure 56. Section A. Modelling of vertical excess earth pressure. The pressure is 
modelled with a 4OkN surface load. The contour inteival is 2OkPa (A=200kPa - 
J=2OkPa). The cell positions are illustrated as black rectangles. Measured and 
modelled pressure increments are beside them (measured value/modelled value). 
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JOB TFtLE: Section B, modefled wheel toad, the surface load is 40 kN, case 135.98 
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Figure 57. Section B. Modelling of vertical excess earth pressure. The pressure is 
modelled with a 4OkN surface load. The contour interv'al is 2OkPa (A=200kPa - 
J-2OkPa). The cell positions are illustrated as black rectangles. The measured and 
modelled pressure increments are beside them (measured value/modelled value). 
The measured and analyzed values were quite different. The reason for the 
difference was probably technical or an inaccuracy in supposed mounting 
depth. 
5.2.2 Modelling transient pore pressure 
The excess pore pressure was modelled with Plaxis (ver. 7.1) /2!. The 
material parameters were the same as in the previous analyses. The 
thawed clay was considered to be  undrained. The level curves of excess 
pore pressure with 4OkN circleshaped surface load (r=O.15 m) are 
presented in Fig. 58. The model is for Section B.  
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Figure 58. Section A, contour lines for excess pore pressure. 
The measured (during initial measurements) and modelled excess 
pressures in different sections are presented in Table 13. 
Table 13. Excess pore pressures with  4QkN load. 
Depth Measured Analysed 
Section Code m kPa kPa 
A FG2 0.60 13 13 
_______ FG1 0.80 5 14 
B GH4 0.65 19 15 
________ GH3 0.85 17 17 
C HG6 0.63 29 14 
________ HG5 0.82 (frozen) 15 
According to the modelling and measurements, the excess pore pressure 
was as large as the normal (or octahedronic) stress increment. Under wheel 
loading, the pore water did not discharge during a transient stress pulse. 
This confirmed undrained conditions. ln Section C, the measured and 
analyzed values differ from each other. 
5.3 Analysis of deformations 
5.3.1 Resilient deformations 
Resilient deformations under applied load were modelled with  FLAC and 
 Plaxis.  Both programs seemed to give quite similar results with the same
linear elastic layer models. The applied layer characteristics were the same  
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as in the previous analyses. Frost and thaw penetration corresponded to the 
conditions during the measurements. The displacement vectors under a 
 4OkN  circle-shaped surface load (r=0.15 m) are illustrated in Fig. 59. The 
example is for Section A. The deformed mesh for section B is illustrated in 
Fig 60. 
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Figure 59. Modelled relative displacements (Flac) with a 4OkN surface load in 
Section A. 
The wheel-type was a single one in the modelling, but the actual test wheel 
was a dual-type. This had to be taken into consideration in determining the 
equivalent single-wheel load  (ESWL). According to Huang (1968), in a two- 
layered system, the coefficient of equivalence approaches 1, if the  subgrade 
 is many times weaker than the pavement /3/. If the aim was to investigate 
 subgrade  response, the shape and size of the loaded surface did not have 
so much of an effect.  
ln Section C, the steel mesh was modelled by applying a higher material 
modulus of the crushed rock, corresponding to the same surface deflection 
as measured on the pavement. ln the analysis, the modulus of crushed rock 
was increased during calculation, until the modelled and measured surface 
deflection mutually corresponded. Using the elastic model, the equivalent 
modulus of the crushed rock layer was about 100-300  MPa. This was high 
compared to the other layers in Section C. The estimated modulus for un
-reinforced crushed rock was about  5OMPa (see Table 12 in Chapter 5.1).
Also, in the elastic model, high tensile stress was generated at the bottom of 
the crushed rock layer. ln Section C, this stress was taken by the steel net, 
which prevented excess deformations in the unbound material.  
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Figure 60. Section B. Modelled deformed mesh (P/axis) with relative displacements. 
The measured and modelled results are presented in TabLes 14 and 15. 
Table 14. Modelled and measured parameters for different sections. 
HVS test, number of Measured initial Modelled initial 
passes at 20/40mm deflection of the deflection of the 
rut pavement surface under pavement 
4OkN wheel load (initial surface, 4OkN 
_________________ ___________________  measurements) ______________  
Section 	Ntotai N(2Omm) 	N(4Omm) tot(mm) A 0 (mm) 
A 	4702 475 	1250 3.36 (1 3.23 
B 	7851 550 	2050 3.96 (2 359 
C 	6288 1400 	5550 1.85(1/2.95(2 1.85/2.90 
1) deflection gauge 
2) Benkelman beam 
3) Modelled with two modified moduli of crushed rock 300/100 MPa. 
Table 15. Modelled initial pavements. Initial strains and deflections were 
gained on the surface of the subgrade corresponding to the 4OkN wheel load. 
Section Modelled 
vertical strain 
Modelled shear 
strain 
Modelled deflection of 
subgrade surface 
Modelled 
deflection ratio 
______________ sub '(sub sub (mm) ASUbl-' 	tot 
A 0.0131 0.00254 1.74 54% 
B 0.0155 0.00306 2.04 57 % 
0.0110/0.0142 0.00160/ 1.16/1.66 63%/57% 
0.00257 
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1) Modelled with two modified moduli of crushed rock 300/100  MPa. 
5.3.2 Permanent deformation 
As a trend-setting method, permanent deformation was analyzed as follows. 
On tested sections, the deflection of the subgrade surface versus number of 
 HVS  overpasses corresponding to the rut depth of 20 mm is illustrated in 
Fig. 61. It is necessary to remember that the subgrade deflection was not 
directly measured during the test, because such transducers were not 
available. The modelling of the responses was covered in Chapter 5.3.1. 
The problem was to determine the shape of the lifetime curve. The 
reference curve was taken here from the  AASHO test roads, modelled by 
Ontario Ministry of Transportation and Communications /4/. Additional 
discussion is presented in Chapter 6. 
• $ •._________________ 
• 
.u.u111u.uuuui 
•uuiiiiuiiiu• 
_____ lIUIIIIlUIIIIllI• 
• •iuuuiiii•iiiuiiiiu 
____UlfihIlIllIflhllIll  
I 
- ••Ui•UIIuui •UIiii•UuitIi •UuII•UIIUIUUuIIfl 
;I!uI!umI•uNhuII.UIIIliIBUuII•UUIUIUulIuJI 
__________________________  
i 
- __...uiti___.iliii_ 
_________________________________••••niii•.uiiuii •uIlIIH•lIlIlfl____...____....._____..._1•IIlIlIlUIIIIl  i 111111fl•1111flh1111111111111111•UIIIIIII•IIIIIilIUIIIIIII 
UI1IIIIIIIIIIIIIIIUIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIUIIIIIII_____ ui•i' • 
rTT1. - 	. 1I:l!T 
Figure 61. Number of passes vs. modelled initial deflection on the surface 
of sub grade in H VS-test and in AASHO test roads /4/. 
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Figure 62. According to the HVS test; the permanent vertical deformation of 
the overall pavement vs. modelled initial deflection of  subgrade surface. 
The irreversible, permanent deformation of the overall pavement increases 
very nonlinearly with the increase of subgrade deflection. Permanent 
deformation vs. analyzed subgrade deflection is linear, when the 
relationship is presented in a  Iog-IogscaIe. The permanent vertical 
deformation of pavement (increase of rut depth per one  HVS overpass) vs. 
the deflection of subgrade surface, corresponding to the rutting criterion of 
20 mm is illustrated in Fig. 62. The data of Figs. 61 and 62 is also presented 
in Table 16. 
Table 16. HVS test, modelled deflection of  subgrade surface and the 
corresponding strain at the number of passes resulting in total rut depth of 
20 mm. 
Number of overpasses N, Modelled deflection of Modelled vertical strain of the 
resulting rut depth 20mm the subgrade surface, subgrade surface,  Esub 
__________________________________ sub_(mm) _______________________________________  
800 1.8 0,015 
1174500 0,5 0.0042 
The relationship between the permanent deformation of the pavement and 
the deflection of the subgrade is of form (Eq. 1). 
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logA,, =alogA 5 +b 
	
(1) 
where 
is 	the increase of permanent deformation (pavement surface) under 
applied wheel load 
is the deflection on the surface of subgrade under applied wheel 
load 
a,b 	coefficients. 
This means that the relationship is exponential, and follows the form of  Eq. 
(2). 
Ap  e" A 
a 
- 	
sub 
	 (2) 
The interpolated relationship between the rut depth and the deflection of  
subgrade in Fig. 62, is presented in Eq. (3). 
	
5.6593 	U A,, =O.00086166A, Ub (3) 
N 
Where 
u is 	total rut depth in mm, and 
N 	is the number of HVS overpasses (with the applied wheel load of 
about 4OkN) 
ln the analysis of the HVS tests, the initial vertical compressive  subgrade 
surface strain of 0.015 corresponded to the initial subgrade surface 
deflection of 1.8mm using a wheel load of 4OkN. If the ratio of subgrade 
surface deflection and subgrade strain is assumed to be constant, then the 
ratio is Eq. (4). 
A56  120&'sub 	 (4) 
Where 
sub is 	the vertical compressive strain on the surface of  subgrade, rn/rn  
Substituting Eq. (4) into Eq. (3) 
8 	5.6593 --=5.0283•1O sub 	 (5) N 
and further 
5 .6593 
U=N•5•0283•10 8 •Csub 	 (6) 
Substituting u=2Omm into Eq. (6) 
8 	—5.6593 N=3.978•10 	'sub 	 (7) 
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Figure 63. Rut depth vs. number of wheel loadings on assumed vertical 
compressive strain on the surface of subgrade; 0.001, 0.005, 0.01 and 0.015. 
The relationship of Eq. 6 is illustrated in Fig. 63. The rut depth is 
proportional to the vertical compressive strain on the surface of the 
 subgrade.  If the strain is 0.015, then about 800 overpasses cause a 20mm
 rut depth. A similar rut depth is caused by  3*106  overpasses, if the strain is
0.005, and by  5*109  overpasses, if the subgrade strain is 0.001. The 
relationship tells us also that if the structure behaves in an elastic manner, 
and if the pavement structure is the same, then an increase of wheel load is 
related to the increase of subgrade deformation, and the number of HVS 
 overpasses causing a  20mm rut is decreased to the 57th  power of wheel
load ratio. 
The rutting model described above is analogous with the fatigue curves 
presented in literature for subgrades /5/. ln this model, the damage criterion 
is the rut depth instead of the fatigue damage of the pavement surface  
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6 DISCUSSION 
6.1 The rutting model  
ln  computer modelling, the problem was that an ideal elastic model allows 
tensile stress at the bottom of unbound layers. Therefore, the moduli 
between two unbound pavement layers must be chosen correctly to avoid 
unrealistic tension. The moduli, illustrated in Table 12 (Chapter 5.1), can be 
considered as the 'functional' or 'effective' modulus of layers. If the thawed 
clay had been stiffer, the upper layers would have 'functioned' with higher 
moduli, and the total as well as plastic strains would have been smaller.  ln 
 addition, the modulus of the pavement layers depends on the applied stress 
state, and some materials are also visco-elastic. Thawed clay was found to 
be undrained under a transient load pulse. The FWD deflection bowls were 
measured with three different falling weights. Linear elastic  FEM modelling 
seemed to correspond quite well to all of these stress states. 
The determined moduli are also dependent on the measuring method. The 
FWD test gives a dynamic response of the pavement, which simulates the 
real wheel load. 
The reference points for the rutting model, which was taken from the 
 AASHO  test roads, was presented in Chapter 5.3.2. ln the AASHO test 
roads, PSI=2.5 was used as the lifetime indicator. PSI cannot be compared 
to the rut depth, but the shape of the lifetime curve was considered to be 
similar. 
It could be seen in Chapter 5.3.2 (Fig. 61), that one 4OkN HVS overpass 
seems to have a heavier load action than one  8OkN axle in the AASHO 
 tests. If a rut depth of  20mm occurred in a real road, evidently the PSI would 
be lower than 2.5 and the curve presented in Figure 61 would be above the 
 AASHO  reference curve. The speed of the  HVS wheel was 12km/h, which is 
much lower than normal traffic speed. On the soft  subgrade, the impact time 
was even longer. 
The rutting model described in Chapter 5.3.2 presents the unit vertical 
permanent deformation in a thawing, frost-susceptible  subgrade, caused by 
permanent shear deformation. Shear deformation, on the other hand, is 
dependent on the creep properties of the subgrade soil and also on the 
bending stiffness of the pavement structure. The influence of loading is very 
small, if the deflection is small. The stiffness of the pavement also does not 
change at a small deflection. 
The rutting model may be applied for estimation of pavement rutting 
provided that subgrade deformations are estimated (or modelled) during the 
design. 
The rutting is exponential with the power of 6. It is based on the 
fundamental relationship between the total and permanent deformation of 
the subgrade in cyclic loading with the HVS. ln the model, if the stiffness of  
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the pavement and subgrade is assumed to be constant, the wheel load and 
total deformation are linearly related. The rutting equation (6) indicates that 
the rutting is changed to the power related to the change of loading.  ln 
 addition, the factor between the  HVS and normal traffic load should be
related. Additional testing should be conducted to further validation. 
6.2 Further analysis 
The construction and testing of the test pavement was, as such, a rather 
multi-layered complex. ln this report, only first-hand results have been 
analyzed and discussed. The next, more detailed layers of the onion' might 
be, for instance the following:  
- influence of soft underlay on the compaction and stiffness of pavement 
layers 
- analysis of reinforced pavement considering the anchoring behaviour 
and interaction of the steel mesh in comparison to  un-reinforced ones  
- analysis of frost heaving  
- analysis of thawing and thaw consolidation  
- analysis of pore pressures and effective stresses during thaw  
- modelling the pavement modulus variation before and during freezing, 
and during and after thawing 
- many other themes. 
The detailed analysis and modelling of the tests will help to understand frost 
action on pavements on frost-susceptible subgrades. The main results, of 
course, motivated the testing. The full benefit can be gained by proper 
modelling. The HVS equipment is more a verification facility, and not so 
much a material testing device, Individual tests are expensive and a more 
complete analysis of the results should be preferred.  
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7 CONCLUSIONS 
7.1 Testing and results 
1. Construction of frost-susceptible  subgrade and a good thin pavement 
on a soft underlay was a challenging task. This could be seen in the layer 
roughness determined from the trial pits.  ln addition, there was some 
uncertainty in the position of the instruments installed during construction. 
Despite the difficulties, though, the test results could be interpreted as fair. 
2. The measured surface moduli were dramatically lower during thaw in 
comparison with the freezing season. The surface moduli dropped when 
frozen soil started to thaw, and they were at the lowest when the frozen clay 
was totally thawed and before the post-consolidation. 
3. According to the FWD measurements, the initial surface modulus was 
not significantly higher in the reinforced Section C compared to the  un
-reinforced Sections A and B. However, the difference in measured 
deflections was 40-45 % between Sections C and A with the moving wheel 
test. The test parameters and thaw penetrations were similar. Also, the 
rutting resistance was 2.5-fold (with a rut limit of  20mm) compared to the 
other sections. The steel mesh reinforcement seemed to resist deformation 
better under moving load. 
4. The effect of the steel reinforcement in Section C improved all the time 
with the increasing rut depth. The measured strains indicated the increasing 
stress in the steel bars due to rutting. This can be seen as less rutting in 
Section C. 
5. The applied wheel loads (40 -5OkN) were high considering the tested 
frost-susceptible pavements with low surface moduli.  ln addition, the test 
wheel speed (12km/h) was low compared to normal traffic speeds. Thus, 
the load impact lasted longer. Further, the loading effect in the  subgrade 
 lasted longer. This may have contributed to the fast development of rutting 
and cracks in the test pavements. 
6. Large strains and displacements under the heavy wheel loads caused 
high tensile stress at the bottom of the asphalt concrete. The material 
strength of asphalt was exceeded. This caused a rapid development of 
cracks at the bottom of the bound layer. The measured tensile strains 
started to decrease after the beginning of the test loading. The first cracks in 
the surface of the asphalt concrete were detected after the bottom tensile 
strains had been lowered. The cracking lowered the pavement response 
and increased the stresses and strains in the  subgrade. The deformations in 
the base layer were increased as well.  
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7.2 Modelling and analysis 
7. Based on the modelling, because the overlay was relatively thin, the 
critical location of deformations was probably the surface of the soft 
 subgrade.  The material modulus of the thawed clay was low, and 
deflections under wheel loads became high. Presumably most of the 
deformations developed in the thawed clay. This caused the fast 
deterioration of the overall pavement. 
8. The moving test wheel caused a fast stress pulse in the soil. Under 
 undrained  conditions, this developed a transient pore pressure increment in 
saturated clay. Excess pore pressure reduced the shearing resistance and 
stiffness of clay. It was also observed that cyclic loading increased the level 
of total pore pressure. The static pore pressure was at a lower level before 
the non-stop cycle than after the loading period. The interval during cyclic 
loading (amplitude) was about 7 sec. 
9. The soft base layer with large displacements limited the material 
modulus of the unbound overlay. Theoretically, the unbound overlay can 
have only a certain reduced effective material modulus on a soft base. 
10. Only FEM based computer programs were used, and the results may 
differ from those that can be modelled with  MLT-based programs.  
il. The modelling presented in this report is validated only on tested frost- 
susceptible sections. Rutting can be dependent on the  subgrade 
 material and additional testing should be conducted for further 
validation. 
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